Introduction
Group III-nitride compound semiconductors of the In X Ga 1-X N alloy system providing full-solar-spectrum photovoltaic (PV) applications has been predicted since 2002 by the bandgap confirmation of InN [1] [2] . Applying the In X Ga 1-X N alloy system, the photon energy within the solar spectrum, especially in the visible and infrared regions where yield the most solar energy conversion, is continuously available for the PV fabrication between 0.7 eV (InN) of infrared and 3.4 eV (GaN) of ultraviolet regions. Recently because of the potential multi-junction solar cells for the ultra-high conversion efficiency over 50%, several groups have reported their efforts in the research of the InGaN-based PV devices [3] [4] [5] [6] . However, the present InGaN-based materials exhibit much more difficulty in the epitaxy growth than conventional GaAs or Si semiconductors, mainly due to material qualities such as the uniformity, compound miscibility from different optima growth temperature of InN (~700℃) and GaN (~1000℃), phase separation and natural structure defects from mismatched substrates. These factors may seriously influence the PV effects for InGaN-based PV devices. It is still a great challenge to lower down the bandgap energy of InGaN that the material quality degrades rapidly with the increase of the indium content and thickness in the InGaN alloys. Therefore, some fundamental studies for InGaN-based PV devices are necessary to clarify before the full-solar-spectrum PV device is realized.
Experiments and Results
Samples used in this study were grown on c-face sapphire substrates. The p-i-n structure consisted of a 1-μm-thick unintentionally GaN layer, a 2.3-μm-thick Si-doped n 18 and 1×10 18 cm -3 , respectively. The active i-layer was an In 0.25 Ga 0.75 N/GaN superlattice structure consisting of 28 pairs, where the GaN barrier layers and the InGaN well layers were 4 nm and 3 nm, respectively [6] . The fabrication process is similar to present GaN-based light-emitting diodes (LEDs). During the fabrication processes, the inductively-coupled plasma (ICP) dry etching was applied to expose the underlying n + -GaN for the formation of Ohmic contacts. The transparent conducting layer of indium tin oxide (ITO) was deposited onto the p-InGaN top layer by the electron beam evaporator. Finally, the Cr/Au (50/1000 nm) bi-layer metal was deposited on the exposed n + -GaN surface and the ITO layer to serve as the cathode and the anode electrodes at the same time. The fabricated device is shown in figure 1. In order to realize how high resistivity InGaN materials affect the current collection under solar irradiance, we provided digitated deploys for electrode pads with two mesa height of 300 and 1000 nm, labeled as PV-A and PV-B, respectively. , which is about 35% enhancement more than that of PV-B (~0.78 mA/cm 2 ). Here, no antireflection coatings were applied. The series resistance, which is extracted from the method of multi-sun illuminations [7] , of PV-A and PV-B are 29.6 and 74.0 Ω, respectively. As a result, the effective thickness (t effn ) vertically from the absorption layer to n-electrode is 40 nm and 740 nm for PV-A and PV-B, respectively. That is to say, the high resistivity of GaN materials and high defect (dislocation density usually 10 9~1 0 10 cm -2 in GaN/sapphire-based epitaxy) both dominate the current collection efficiency in InGaN-based PV devices. Especially when the InGaN layer is thick, the high-defect-density materials tend to capture the light-induced carriers, and limit the carrier transport length [8] [9] [10] . Since the InGaN-based materials have large defect density, we performed post-treatment to alleviate the treading dislocations (TDs) resulting from mismatched substrates and the thick 28-pair superlattice structure with a 200-nm-thick absorption layer. Here the high transparency and stability silicon dioxide (SiO 2 ) coating was used to passivate the surface defects. The SiO 2 film was deposited by plasma-enhanced chemical vapor deposition (PECVD), and its thickness was adjusted to reduce the Fresnel reflection loss of incident light at the same time. The test cells with SiO 2 coatings onto aforementioned devices with a 300-nm-thick mesa are labeled as PV-C. Besides, we also performed another 14-pair superlattice structure with a 100-nm-thick absorption layer, which is only half the absorption thickness that discussed above, and the fabricated process was the same as PV-C, labeled as PV-D. Figure 3 (a) and 3(b) shows the images of top surface conditions performed by scanning-electron-microscopy (SEM) for PV-C (15,000X) and PV-D (30,000X), respectively. The top surface crack with diameter greater than 100 nm is around 2.5×10 10 and 4.3×10 6 cm -2 for PV-C and PV-D, respectively. These dense surface defects could be attached to the underlying threading dislocations, which mainly arise from the large lattice mismatch within the thick InGaN/GaN superlattice and the mismatched sapphire substrates. Table I shows the average enhancement in percentage (%) after the SiO 2 passivation coating layer is deposited onto the devices. Although J SC of both PV-C and PV-D is enhanced for about 11% due to the reduction of Fresnel reflection loss, the V OC enhancement of PV-C is less obvious than PV-D (~9.1%). This is because the surface recombination of PV-C is much serious than PV-D, which has fewer (~1/10000) surface cracks. As a result, the SiO 2 coatings could passivate the defect more efficiently in PV-D. However, PV-C with large InGaN/GaN superlattice of 200 nm could induce more current leakage paths from treading dislocations and thereby lower down the shunt resistance in the PV devices. As a result, the measured V OC is far less than the predicted value, which is in principle close to the bandgap of absorption layers.
Conclusions
Although the conversion efficiency is still low in InGaN-based PV devices, the dominant factor is the material quality of the InGaN semiconductors. Methods to enhance the epitaxy quality have been still challenging and very expensive to date. In this study, we provide that the shallower mesa device with t effn of 40 nm has 35% more enhancement than that with t effn of 740 nm in the current collection. The post-treatment of SiO 2 passivation coatings enhance 9.1% in V OC when the defect density is less serious.
